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We note that in CrBr,, there is a large anisot-
ropy in the strength of the Heisenberg exchange
coupling between different pairs of neighbors.*®
There is also a rather large anisotropy field.'
Both of these can be expected to influence the
behavior of the magnetization near 7.
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STATISTICAL MODEL OF INTERMEDIATE STRUCTURE
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(Received 31 May 1966)

A model is proposed for the formation and
decay of the average compound-nuclear state
in which a weak two-body residual interaction
causes transitions among the eigenstates of
an independent-particle Hamiltonian which lie
in the region dE * near the compound-nuclear
excitation energy E*. The independent-parti-
cle model states are classified according to
the number of particles and holes (referred
to indiscriminately as “excitons”)! excited from
the even-even ground state, The limitation
on a two-body interaction, that it can only ef-
fect energy-conserving transitions which change
the number of excitons by 0 or +2, is invoked
and exploited to eliminate matrix elements which
vanish identically. The details of the two-body
interaction are suppressed (by replacing all
nonvanishing matrix elements by an average
value M) in order to exhibit most simply the
dependence of decay probability on both the
excitation energy of the compound nucleus and
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the excitation energy of the residual nucleus.

Decay is assumed to occur (in a very short
time)? to a state with outgoing particle of en-
ergy E , and residual nucleus of energy U, when-
ever a nucleus makes a transition to an inde-
pendent-particle state in which one exciton has
energy E , in the continuum, and the remaining
excitons share the energy U=E*—(E ,+B), where
B is the binding energy of the emitted particle.
From a state described initially as a one-ex-
citon independent-particle-model state (appro-
priate, e.g., for a reaction caused by one nu-
cleon incident on an even-even target), the re-
sidual interactions cause successive transitions
to 3-, 5-, 7-, ...-exciton states. At each such
stage a small number of decays occur. These
“precompound” decays are calculated in the
present model.

They are found to describe (e.g., for neutrons)
a “high-energy” tail similar to that observed
in (p,n) reactions.® Finally, an equilibrium dis-
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tribution results among the various independent-
particle states, which is considered to describe
“the average compound-nuclear state.” Its
decays are also calculated and are seen to re-
semble the usual “temperature” distributions
qualitatively at any particular compound exci-
tation energy E *, but to depend both on E* and
on the residual nuclear excitation U.

As a model nucleus we assume that single-
particle states occur with a density g per MeV.*
Then at excitation energy E * there are

o, (E)=ggE*)" " nta-1)1 ®

n-exciton states per MeV and a total of

p(E*):Enpn (E*) (@ odd or even with A) (2)

excited states per MeV. A nucleus in a typi-
cal n-exciton state makes transitions to oth-
er states with#n’=n or n £+ 2 excitons at a rate

A= @1/BMp (EX). ®)

Since p, (E*) is a rapidly increasing function
ofn forn<n= (gE*)”z, the probability is great
that any n-exciton state (with n <#) will make
a transition into an ( + 2)-exciton state. For
simplicity, therefore, the transitions ton’=n,
n-2 states are neglected in the precompound
stages, and a system which is certainly in,
say, a l-exciton state initially is assumed dur-
ing some stage of the approach to equilibrium
to occur in each of the 3-, 5-, .., n <n-ex-
citon states with a probability 1/p, (E*)dE *.

In particular, it occurs among the p,—1(U)
Xp,(E ME ,n-exciton states (which decay in-
stantly by emitting a particle of energy E )
with a probability

01U (E )E /o (E*), )

where p.(E g)= 27 (2m /h?)¥2(E )"? is the den-
sity of one-particle states in the continuum.

One thus obtains the “precompound” proba-
bility for emission of a particle E ,

P
n
Wp (EO)dEO=Z

n>2

@ even or odd with A), 5)

1O (E )E
pn(E*)

or
E e 1 372
Wp(EO)oc—bf*—[(ltyz)s—l] (2 even), (5a)
E Y2[ 37 +3
ST [(1_72)3] n odd, (5b)

where = (U/E*). We have assumed here that
this probability is so small that the total deple-
tion due to such precompound decay can be ne-
glected.

In the same framework, the rate of decay
from the “compound-nucleus” equilibrium dis-
tribution can also be calculated from the prob-
ability of scattering into states py,—1U)p1(EQ)
from states p,(E*), n’'=n,n+2, which at equi-
librium comprise a fraction p,/(E*)/p(E*)
of the whole system:

Wc (EO)dEO

2m
- Z (%—MZ) pn—l(U)pc(EO)dEO
n

o, _o(EX)+p (EX)+p o (E*)]

X 6
o (E%) (©)
or, approximately,®
Wc(Eo)ocf(E*, U)expl4(g%E *U)Y*], (6a)
where
f(E*,U)

:EOUZ(E*)IQ/!’(U)—“/B[1+U/E*+ (U/E*)Z]. (6b)

The relative probability of observing a neutron
of energy E, from a (p,#n) reaction (e.g., at
E*=Fp +Bp) is then given by

)

W(E )= aW, (E )+ W (E ),

where o is a constant proportional to the frac-
tion of “precompound” decays.

We note that W, decreases exponentially with
U, whereas Wy decreases only linearly for
small U. This implies that Wp will dominate
the distribution at low residual excitation en-
ergies, U, unless it is negligible everywhere.
We have, therefore, plotted in Fig. 1 the ra-
tio N(E,)/W(E*,E,) against U, utilizing for
N(E,) the data of Wood, Borchers, and Bar-
schall® from the (p,n) reaction on Sn''" (with
Ep =14 MeV). One sees that this ratio does
indeed remain constant for U < 6 MeV, thus
confirming the fact that Wp (E*,E o) adequate-
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FIG. 1. The neutron distribution of Ref. 3 from the
reaction Sn''7(p,n)Sh!!" at E =14 MeV is compared with
the precompound distribution, WP(E 0). One sees that
for residual energies below 6 MeV, Wy provides an ex-
cellent description of the observed distribution.

ly describes the high-energy neutron tail. For
higher residual excitations N(E ) rises expo-
nentially, indicating that W (E*, E ) dominates
the low-energy neutron distribution, as its
exponential increase would lead one to expect.
We test the details of Eq. (6a) by comparing

NC(EO)OCN(EO)—aWP(E*,EO) 8)
with W (E *,E ) where the constant, «, has
been chosen so that the constant low-U ratio
in Fig. 1 is equal to 1. In Fig. 2, we plot N.(Eq)/
W.(Eg) vs U, together with W.(E () and Wy (Eg).
The data cluster about a constant ratio (cho-
sen to be 1) for residual excitations U> 7 MeV.
One sees here that the UY* dependence of the
exponent in W is not in disagreement with the
data. The value implied for g is 11.

It would thus appear that the classification
of the complexity of states according to the
number of excitons provides a basis for resolv-
ing the conflict between the experimental facts
and the usual statistical theory of nuclear re-
actions. This classification corresponds pre-
cisely to the hierarchy of doorway,® hallway,”
and more complex states implicit in the inter-
mediate structure theory of nuclear reactions.

Many other implications of this theory remain
to be tested, and some work is already in prog-
ress in this direction. Perhaps the most ob-
vious requirement is a systematic check of
nuclear “temperature” data to see whether the

480

103 -uo’}-f
T
3
ey
<
;'é
o
102 | 107~
< 5
2 Wy (Eo) %
- =
'TD‘ 'g
w 10 410 o
a
= <
I W
— Q
W N(Eo) = Wp(Eo) =
Z, W (Eo)
12¢ . . . : 42
1.0 S i — — = —gi0
[o:] -10.9
0.1 T T T T T T T ol
5 6 7 8 9 10 I
U (MeV)

FIG. 2. The difference between the observed distri-
bution (Wood, Borchers, and Barschall, Ref. 3) and the
extrapolated precompound distribution is compared
with the theoretical “compound” distribution for resid-
ual energies greater than 6 MeV. Perfect agreement
would be indicated by a close clustering of points
around the constant value of 1.0. Good agreement is
evidenced for 8<U<11 MeV.

distribution (6) agrees everywhere as well as
it does in the Sn''"(p,n) case.

The author is grateful to his colleagues at
the Universities of Wisconsin and Maryland,
and also to Dr. A. de Shalit, for their many
stimulating comments, and especially to Dr.
Wood, Dr. Borchers, and Dr. Barschall for
their generosity in supplying their data for the
comparisons exhibited in the figures.
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IA more detailed treatment in which neutron and pro-
ton particles and holes are enumerated separately
could easily be carried out. It would, however, add
nothing to the illustrative purpose of the present re-
port.

2This assumption is made primarily for simplicity.
It would certainly be invalid for charged particles at
energies so low that penetration through the nuclear
Coulomb barrier significantly lengthens the lifetime of
an unbound single-particle state against decay. The
discussion here is relevant for processes emitting en-
ergetic neutrons. The generalization to other situa-
tions is straightforward.
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LARGE-ANGLE NEUTRON-PROTON Cpy PARAMETER AT 23.1 MeV*
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The neutron-proton spin-correlation parameter, CNN, has been measured at 6,, =140
and 174° c.m., by scattering polarized neutrons from a polarized proton target. Compar-
ison to recent phase-shift analyses is made, and a sensitivity of the S-D coupling para-

meter to the data is noted.

Neutron-proton scattering is dominated at
low energy by triplet-S-wave scattering in iso-
topic T =0 states. The influence of the tensor
force is felt through the mixing of ®S; and °D,
states in proportions determined by the mix-
ing parameter® €,. Near 23 MeV other partial
waves will be small, and will be reasonably
close to their one-pion-exchange (OPE) values.
Although it was not anticipated originally, the
experiment described herein has shown a def-
inite sensitivity to €,. The possibility of such
behavior has been noticed previously by Batty.?

These data are timely in view of recent ac-
tivity in empirical phase-shift analyses for the
nucleon-nucleon system in which zn-p as well
as p-p data have been included. Among these,
a series of single-energy phase-shift analyses
has been done at Livermore spanning the en-
ergy range from 25 to 300 MeV; their work
at 25 and 50 MeV has been reported by Noyes
et al.,® and with small revisions by Arndt and
MacGregor,* who also give energy-dependent
forms for the phase shifts. Kazarinov, Kiselev,
and Satarov® have published analyses in the
range 26 to 126 MeV, while Batty and Perring®
have obtained phase shifts at 50 MeV. The pa-
pers cited above agree that the coupling para-
meter, €,, has been poorly determined in the
low-energy range. A similar observation was
made in the prior energy-dependent phase-para-
meter analysis of the Yale group, where Hull

et al.” reported that the solution called YLAN3
gave a negative value of €, in the neighborhood
of 50 MeV, while YLAN3M resulted in a posi-
tive value. Such behavior is not unexpected

in view of the small data selection that has
been available for n-p scattering below 100
MeV. In the latest development, a report has
been received from Dubna by Bilenkaya et al.®
giving the most recent results of their phase-
shift analysis at 23 MeV. Not surprisingly,
their value of €, is in apparent disagreement
with the results of Refs. 4 and 5.

The results of this experiment® were obtained
by scattering polarized neutrons from a polar-
ized proton target, and detecting the recoil
protons in a counter telescope. This method
is limited to small angles for proton emission,
corresponding to large neutron scattering an-
gles. The general features of the experimen-
tal setup are described briefly as follows:

The reaction T(d,n)He* was used at an incident
energy E ;=T MeV to provide neutrons at an
-angle 6,(lab)=30°, with energy E; =23.1+0.15
MeV, and polarization® p,=0.49+0.06. The
cryostat, containing the polarized target, is
positioned between the vertical pole faces of
an electromagnet, and located such that the
LMN!" sample is at a distance of 25 cm from
the neutron source at an angle 6, =30° down.
Proton polarizations averaging p,~0.30 were
obtained by the method of Abragam'? and Jef-
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